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Fig. 1. Schematic diagram of dielectric modification and design strategies for high-performance triboelectric nanogenerator!318,
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Fig. 2. (a) Theoretical models for CS-TENGP, dielectric-to-dielectric mode (i), and conductor-to-dielectric mode (ii); (b) interface

model of nanodielectrics2?.
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Fig. 3. Surface roughness control strategy: (a) Surface modification mechanism!*!l; (b) surface patterning’¥; (c) sandpaper template
method*!; (d) electrospun ZnO/PAN fiber membranel?); (e) electrospun SMPU fiber membranel*7.

070702-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No.7 (2024) 070702

2.2.3  KAEAKEA M E L KTk

TEPEAR 40 K 8 A B 9 2 WL 8 T, 38 3 FE
10°5—10" Hz B SEMUREF P22 A2 /g, S
4 HL 3% (broadband dielectric spectrum, BDS) /&
SATRE Y o1 B BRI AR A SR
5K T H. EROULZ 1, I 2R A W SR S 4 oK I
B (8] A EAE R, F 280 5 X 5 R 4 [ /EH
TS A A B AR 2T A3 (Fourier-
transform infrared spectrometer, FTIR) 1 X 44k
L F BE 1 (X-ray photoelectron spectroscopy,
XPS) #H Tl R A et b E el RfTER
MY RETIRA, [ I 46 7 9 K SRR S Jo v 1) 0 R
FERZEGTT (UEE). TEAh, S 205 g R IE
RHER T A9 %25 BE S5 AR A B AARFRRIRG B S 80 1)
A2, TSR /M X B2 BS) (small angle X-
ray scattering, SAS) 1T PFAL , HJFHAE T F
FH T 50RE J5 J50RN 5 T DX SO 3 5 B 1 22 57

BT, I A T V72238 A R0 5 1w X el
YK G 25 (0] o R RAEFOR, AR ) B R
(piezoresponse force microscopy, PFM). JF /K 3C
& 71 W 8% (Kelvin probe force microscopy,
KPFM) 885 T 5+ 77 WA R e 0 A s
%, TE R b A By Rz b Bk B AR K
AT A LTS A oA T, TR R 3T AN L U A R

AR (thermally stimulated current, TSC).,

T N EB LA PR 30 B Dk i FL A 7 (pulsed electro-
acoustic, PEA) B T4 4} 3% 11 A7 174 55 Yk 3% T
ML 37 7 (isothermal surface potential decay,
ISPD) #4553 H7. eAb, 73 FEAUEORBEM N R &
YOO Es ¥ J2 T TR BR S AR FiAY B 454 | fiE
HAFIAL SR, FEILT T8 R R o P
w8, BRRYBR S —EETH. SREY T3
AR BV RS/ INE ARG, 73 TR SOAR T8 i
LER TR BB RS AR | ST T A e,
P | WA AS B AL G2 92 50 R AE TC R I i Y S
WMTTRE | G560 B IR RREE O S e nT LA
AT EATRIRAS. AN, LR A HLBAE | B
B S5 2 S R Al 1 7 BB RAS, LME T
TS Y0 HT A T 1B A

3 WA RmERE R

3.1 FREXENH
FIHHATEE o XFT TENG A% 5 Cq#

PEFER, B 232 3] DU A4S PR 2 9 L R BRI, B
JEE PR L I BB T o B RS ARl o L A 2
oA ST M BN R T E BT % opg LA R
[B] FRE ARG R i3

Omax, gutput — (0cE; 0AB, ODB) - 1)- 9)

M (9) AT, AELEEFRAT g 2 1T LT 5 B2 1)
H, B e B APR AT IO R BRSO R RE ). 3
REE LAY SO A 114 2 i i R LA 39 56 42 A 003
Je—RERER T %, 8 7 B SR A SRR/ 4
KEEFIH S, IF R IR 2S5 il i oAk
SEELET0L gEA, BIFTEN B R AR EE AR 81 e
HAT R ZE M 0 T 5 7 A S R A
xb, LAARAS R A BEE R L BE ). 0 T HA —E M
REREAOR A B &, oA TS [ RE 1 2 214 2
ROy, BIANERERAT o0 T-HEUR | ZULES A 1.
WK 3(a) Fis, FEBFKF L, JUR AR P E
TAES T HE LR E REMI R T FRARRE ST, NIMTiE
— P BRTE T EE LA AR PR A L AR K
b, 3T HERHR I RAE T AR ER AR R i LAY E R
VP2 R 8, DRI 5 RS P E B v 1ok S8 RE AT Y
R RARAE ), BUR Al RELERAT M TR AE I By
B RE I HES T fid S 10 LR R T R AR,
LA, 731 B AR i it o 7 A A8 TR BT oL £ PO 47
ARAT AR AT SCHPEA R, RIS 235 0 B 1) 22 S L B2
Wi 5 JEE A HL e 5 ) LA R A DRLIBE, FEAK R
S JRZ TR AR RE A8 78 S M0 1 (8K P L S
B e FLEEAEEL FiL B8 MR A4 - 3 SRR

3.2 REEKEEEF
XA B THDRERS B2 A2 o, 38 mT LR
FEZAN T st 5 A L L4 F i
ST B T A 3B T ARSI £ Y ik (2L gl
Ahn 45 13 R H—FP 25 G 90K R | Rl AN &k
VAW RFR a T & NG E SN b NS B S liee Sy d ot ey
HLA T b, HRRRE AN ST JR4% 3 FlOR[RI 4544, M
il 1 R A% BB /9K 3D A E A, anlEl 3(b) B
TN, IXSEZEF AR T E A 0T ) e R R R
H, AT LIARYE 3D 73 )2 45 KT 2 R 75 AN
[FIPERE, WnsR KM SRk AThih s, BRI ZAb,
FI RS ARAT B 5 Wy e AL SR A/ A KT AR 5 R]
FHRD ARSI 5 4 K H A o b ek S — 5 i
ZUE ) W N, Shrestha 45 44 4 £ 7 —Fh
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BT RESABLE /Ecoflex 44Kk & & i) TENG,
Kl 3(c) s, BESABERR N Ecoflex A 3EAK
BN T RE WA R RE R TR EE ). R
B, SR FHAD AR I RO 2548 LA KR AR, P
45 TENG Ry i vERE.

TR 45 1 ) SR o, L 7 22 Al —
iy Ba | 2855 HOHI )32 B 98 K v A SR R o 2%
Jik, DIARAEAT S R A = 2R I RURS B L AL
Bl R 1) B AT B ST AN G5 R 0 SR A A A ITAE
TENG Ay EE4E i 2 091, ¥ 25 22 R 45 i 9 K £
Y30 H ELA BEALIZS A B, TR AT DL ek
WRE VWA (T BE AR,
YT 2 28 (B | U IR 5 | 25 22 ) (]
) FIMABE A (R L TR S5 il a5 ER BR AT 4 L A%
FEEFYERI T 2s AR5, DAARARAS [F] () EE S e
PEfE.

Sun 45 0] JF & T —FIETRALEE (ZnO) /RN
Wil (PAN) YR A 9K £F 2 A PDMS 8 i i) 42
P TENG, Jo75 (5] #0051 i 52 45 4544 B AT 523

Different densities of groups

P SR N TR A B b o3 B R 5 2 BOR N ZnO
NRs 4 KN ZnO/PAN 274 fr it 1 e i 3
TARELRE B2 A A TR AR, 5 88— PAN G K 21 4 A
., ZnO/PAN A9 2 i HH RS B2 1.59 pm 48 =5 )
3.07 pm. & 3(d) JB/R T = MLRE BE 94 K F A A Rk
TESN IV T -0 2 n it 72, T ZnO/PAN
L2k Y 3D 254 1) PMDS 5, ARk a] B9 4% fi
A HL ORI R HE 5. Xiong 45 W7l I 9 17 SMPU
HLZ TR BRI, 4% T 3 i LA A RIE S A #ufi]
PR 2 PR BB W IE IR IC 12 B 2 R (shape memory
polyurethane, SMPU) 4} K i[5, BT 2R 4 | ok
FOER- DK LT 4R RS W, Q& 4(e) PR,
SRR T 1) v KRS B 3 0 T 2 Al TERRURT CE 00
55ty SMPU BEAHLL, it R KRZIM 50 V 4
FET 150—320 V, i A B 0.8 pA /em?
HEF T ~2.5—4 pA cm 2 14h, SMPU 44K #
P 1 52 e 1 L B 0 3 e A i e ke Pk 52 2 T )
iz, R T ERE UMK 5300 TENG i th
PERERY T B

. § . N (c) CaCly-PVA Positive
Br Br F F cl cl
el N Nor - Before contact After contact 1V
) il [ CaCly 0.75 M
» doped PVA
CaCl, 0.50 M
doped PVA
-PET _PET -PET
Br-PE PPl CLPE 2im +705 mV ZLm +435mV. 5 v CaCl, 0.25 M
: doped PVA
HCI-PVA
Nylon
O plasma treated PET 1v
2 ¢
¢ Hy,  CH. HN HoNy (NH.
H? Hzxg CH, 4 HN i, PN S zulthINHZ PVA
‘ .
40 NH NH cuy §Hs N ) HaN . HN NH3 HCl1M
§HNH EN 4 NH;) (NH; NHy/ NH: HNE INI ) doped PVA
Aminated HN.
surface é“ QH NH, [NHz 2 HNH PN
functionalization Py
05V H;PO; 0.5 M
doped PVA
pE(1)-PET HTMS-PET PLL-PET APTESPET PEI(b)-PET H3PO4-PVA -
e positively charged surface
H3PO4 1 M
doped PVA
(b) H3PO4 1.5 M
doped PVA
e 0 S T
®Cu @FEP L —m— s
. s ¢ $ { 2
®CNFs  Acrylic Different types of groups & 3 2. % X LX-H
IR (S prMe 5 |
Difrerie armounts of groups Akt Ay @b (@201 (d) Untreated
- greenhouse film

b
i
<

N —

Microfibril bundle

R

%

\ /
~0—Si~0—si~

R

%

3\ /
~0—Si~0—Si~

R
BT

"
~0—§i~0—Si
H

Ho HEHoSN SLOEOD Ho \ﬂ; ) )O
2 b ?f/o_of iii 27‘4”? on-g Chemically tailored
i 5 NO\ },Hé_\ cellulose chains
...... -

2
0§ ~0—Siw
"%

R: Different groups
Hydrogen bond

e sy

| He

Kl 4 SRIH BB A 5

Me: —CHj
Pr: —(CHa)a

(outer surface)

Fluorocarbon layer

Surface nanotexture

(a) T2 B 0 (b) 4R D TEMIEY; () BT kP (d) 55 B T HAL R EY; (o) rhpi s b 3 B9

Fig. 4. Surface functional group modification strategy: (a) Atomic level modification"); (b) cellulose molecule modification®"; (c) ion

modification®; (d) plasma treatment¥; (e) neutral beam treatment.
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JRUAE T 3 1 R H A TR ek T KL JE RE A5 1
F+ TENG 9%, (HiX —F RWAFAE—E JR PR 1.
—J5 AT, HUBE R SR TH ) CE 2% 18 H i 28 2 f 32 T
AT BRAY; 55— 5 I, AN SR 5 ) A Sk A
RELRE JEE FhL A J5 3 T A 7R R 4 o0 ol sl 5 |
Sz B BB TR, i S HE R BE AR AT

3.3 REEREHAEE

HUA B A 4 0 S U PERE B DR OG. R
Yy e A I o1 B A E S T R R TR RE AT 26 AR
S B ] LA SR SE 25 WL S S FL AT O, AL RS
iy BB BEFIARE Y. F R, C2RH T 2R 2
IO 1 LAY S50 701 4 R 5 WA e LA T DA Y

RN, EEAE IR B Sl & | TR AIEE

RETF AL (R (5 70 T8I (lowest unoccupied
molecular orbital, LUMO) F &z & i 95 )it 1 #1 18
(highest occupied molecular orbital, HOMO)). 4%
i JE L BRBEAE 2 I, E PR A BRI A R
AR TR RE ) BB REH], REEA ROk L3R
T PR 28 B [, 30 3 R R R A A S N B
AL EERE B 2 T P 285 PO ] 14901,

N, Shin 55 M 7R T —F i 2 T %) 2
B ReHEI 2B 2, A Aa) TR, G5 RER Y,
= A (4R G HE) Rl SCAE IR 206 0
LIRE A B2 181 73 53 FLAT Fa 5 18 JBE 458 v, 670 P BE 4
HLIEPE. Gl 4(b) s, Liu 55 PU E#E T HAA AR
FRE (A EAT AN [ v SR A REBE (I, A 3-8
e = 2 A FE K% (3-Aminopropyltriethoxysilane,
APTES), 3-#ii N 5 = £ A HEbE (3-Mercapto-
propyltriethoxysilane, MPTES) , 3-F3EHN3E = L5
FHfit S5t (3-Cyanopropyltriethoxysilane, CPTES),
=R HE1H, 1H, 2H, 2H-+ = JoE SLRESE (trie-
thoxy-1H, 1H, 2H, 2H-tridecafluoro-n-octylsilane,
PFOTES) . N-H B2y 5 = H & bE (N-Meth-
ylaminopropyltrimethoxysilane, NMAPS) #1(N,N-
RN AL ) = B AR RS (N, N-dimethy-
laminopropyl) trimethoxysilane, NNMAPS), 3k
EARET Yt Z DR EF4E (cellulose nanofibrils, CNFs)
e, 4550 %W, CF,CF4;-CNFs #ll CN-CNFs %}
o7 1) B 45 Fi Bl HH A BT 1 [ T NHL,-CNF's Al SH-
CNF's % I i EE 462 i i e 1. oAb, B 1820
S PTG R A 10 A A R B R B
B PH B 7 AT RLTE A 2R 5 W HL AR BT (solid

polymer electrolytes, SPEs) HH A1 E AR /MR A o P
HL IR, ol F A B sy S T AR P 7 R e ) R
EERRL. 0, Ryu % PP 2 T W TENG R &
Py e A JBT S IS X R 5 O 6T R 5T ) SR,
Bl 4(c) B, MU HE 72 T & 1Bk iR
(HyPO,) B, R 2451 (PVA) v] G A B bl
MY BRI LAY T2 —, YIS 2 TIHE 1Y
FALES (CaCly) B, PVA AT 8 BA fi 1F B 1 1) B2
BB RZ —.

85 B - UAR Kb BT DU I HE A SO 2R 1 43 b2
T BT RN AR i, B RS | AT AR L T
[T S A, AR T e P BB 4 LA T Y
TE . FLAR AL, S5 B U 3R T 2 AT L S Al
W TG AP IE S, Horh, S5 8 0
il 32 R v BT T SR A 2R T 55 A
WrSLIFIE it i H B TR A B3R
ARSI D 1) FH 45 2 - A5 PR35 2 A HB s oy I
AT JEE 1l Tt B AL A R T, AT B T e Pk B EE AR F
PORMRTF K5 4 B IS AL D A 4 B8 A b sy
TEPE R RREE | BRI | R 5 A6 2 o vl i U 3R 1 557
G a5t B IRREG 20 H TR AR T S8 N
FE5G K F IR A P b9,

i 4, Zhang 5 P R Y oS & 55 B F 1K
(inductively coupled plasma, ICP) ZI| 1t 77 %, F
IR ED (=T BE (CHF;) AR T b
(CFR)) 7 AN B B R &) (PE) 3R
I, AN 4(d) Fros. XFPO7E S T PE B AR
JCE i, [RIEIGsR 7K YE, IR K T R
RERE. ILAh, PR (neutral beam, NB) i R JE—
o5t 1 B 35 4 B A 220 ol ) A ST 3% T b B T
2. T2 RE BhRiA BRI LA STE L
H 5L HLfr BB g, PR rT Dl i NB A BIE %
VLI 508 ) A sl R e, DB B B AR
FEPERRE AR 1. Kim 45 P9 AT N, 1 O,
R NB T 20 5R W L ak S (PDMS) FIEA A
PERZ WG (TPU) MR T 120, ik 4(e)
Jiis. S5 R RW, KRR Op-NB AXT T EEH
TR PDMS BT RL, T REfE i No-NB Zb3E
a7 EEERE EYE ) TPU M BHAGPERE. i B X
XMk NB AR RSP A BT, REf & 48
=5 TENG i thPERE. 248 i, 58 TIAR
THI PR B A R e 52 2 i Bk 2 AR e X A
B R S B TR R A S LR S W T R
FRACPE, JE—FhEa, mT4aE A A FLSR
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JEBLH R B ARRS A B BB PO AN 5(a) B, Bk
4 AR TR b2 IR G R 2 (PVDE), Rl — 92
. i3 W-7S N K (PVDF-HFP) FIE iR - =1 &
4.1 REEXMNNTBEEH & (PVDF-TEFE) 42 TENG 11 0 LB P
2.2.1 %*%?U, AR A A R B AR AR 5K fg%jl\bﬁ, HA 5 AN I a, B, 7, § 6[56—58],
FERALR TR RAL B T A AL AR I 1] b 8 AR BT e i IR P OB R (R, P
Bfese; XPT TR BRI ISAEEBR I pes A B mis 6 (PAG) . RIHIE 66 (PAGG) Fi
el 2 8] LAy BB AR TR AL 2 A AR R 11 (PA11) & TENG 9 FH B IE R R EE 45
. h TR LT A L R 2R, TENG Wil HA T, A 4N REM: o/al, B, v HI 6, Hp
(14 R A A A3 2 (7] e 52 381 22 P 2 A A P 1 SR, TERZRENS & B A & R A
FH. R4S R AL 5 90k A BB A XA o WG Tl g 7 e e, R 207 24 ply T A A
USRS E BTk T R BT e by P e S r S A R e T L
BIRYIRBURREA RN B SRR R G bl TR T AU A L R AR, e 25 22 #e o,
e BBV AR 5 B AR EARAR L, AP EAR T RE W E I TR E REM™ A A AR TR
FEIR B 7 R A A - A AR TR LA L B Dy HREWE R —M CF1T T 27 4k 50) FHHES,
B LUMO, 78 A SO R 20002 L RE S T A Ve 2 A A 1

(a)

(b) -
Cu/PET

« phase B phase

:':‘\ Hydrogen

Surface
topography

¥ Co-NPC/PVDF NF B Nylon-11 NF
@9 The dielectric layer ® Doped materials | Equivalent of doped particles BB Electrode (Al) WM Acrylic Kapton  Co-NPC/PVDF NF

()
¢ Co %{EBS
oN PVDF-HF oo

erovskite v 9"
&C }}k‘/ .l/%b z
= » 7

@H Uag adal

Yo

& Al foil @ PDMS
Silk fibroin < NF-MOF

SEBS PVDF-HFP

5 IREAHIA R BOER  (a) B SR EE T (b) Biy,WOgPVDFE-TrFE 94K £F 4k 15 05): (c) {3 i 28 A 7 i 1R 67
(d) Co-NPC/PVDF 4 Ji JE 1L f4 s L 25 45 99); (e) MOF 42K Fr /24 Z 8 1R A 1) () Cs3BiyBrg/PVDF-HFP 4} 2k £F 4 it (72

Fig. 5. Strategies for improving relative permittivity: (a) Schematic diagram of polar phase inductionf”; (b) Bi,WOgPVDF-TrFE
nanofiber membranel'”; (c) schematic diagram of the microcapacitor model®”; (d) microcapacitor formed by Co-NPC/PVDF dielec-
tricl; (e) MOF nanoflakes/silk fibroin composite membrane(™); (f) Cs3BiyBry/PVDF-HFP nanofiber membrane!™.
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AN, SRS T A7 H S Ae L, B2k
PERT AFE S RRREE B3GR AR ) 5 1, 1 An7E SR
G W3 T B A LS TC LI A H O
OB (B 40K R BT (BaTiOs) 0600 Flfk Ak R 4% 1 H,
P& (PZT)PY &%) 3 H IE0RE (40 5204 (grap-
hene) U BRAIAKA (CNT)O6263 Flisk 8 4 JR B /L /
ALY (MXene) 0400 25 12704 5 B 16 PR PR AH
An AT AL R U B i A BAE, SFECR
G oA RN GRORSEORE 2 A] 1 g S el At 1
HAH E AR GUAERCHT 51 7)), W55 Ik ikdk.
TEB AR, QORI 78 Y T45 SR G i HE
G, PRI IR T 2R 10 RE AT A9 5 b
15, ST ELAE F bR, A R A T A 4
e B ] B B k. 40 %] 5(b) R, Bharti 25 191 ]
2T —FhIE TR (Bi,WO,):PVDF-TrFE #)1G
. MR EERE TENG. HEF BRI Bi,WO, B
A EDCHEATETE 7B (~3 e V) B FLH 4L (80)
R IbEE YA TERE, BARE YR
J&, BisWOg:PVDF-TrFE 2 KT 4R AT i
KrEsik 44, Fril % TENG 4975 0.15 kef (1 kgf =
9.8 N) Frgr=A4: 205 V 4 HFEF 11.91 mA /m?
1) FEL UL 2B B2 . AR H A A Ak Y 1 5 32 B
Bi,WO, 41k ki 5 PVDF-TrFE 5 &4 2 18] 1)
HHEAEH, Bi,WOg H A 7E B I %) i PVDF-
TrFE $#24t 7 iz s, KR$EE T PVDF-TIFE
HiY 8 AR PVDF-TrFE A& (H) JEFHI Bi,WO,
M4 (O) JiFZ M TR fArE2RES, B o
JE BT IE FL Y RIS | AT T i ke, 3
O JAFH H JFF A4, ff Bi,WO.PVDF-TrFE
YK A BTEA i FE AR O X

HT TENG E#Z RSB ol s 2a
W) B AL T AL, A EATTR A XS S
RO R AR, 41 PVDF 7E f = 100 Hz B HL 3
BLh 8. MHILZ N, TCHLF & A bR HAT 3
A HLE R, (RO PERE RIS R B B 22, R
A HEAE T B AZ I ] | RSN
Y EEHEE A o OO PRI, R B e A HL R A oK
WOk (ST LG UKL ) AR AW, S
A BB (AR XA v B8 B Ry R T Y
Jiik, A BT SE RN R 2R B s AR DL 3 B b
BUHT, GRORIURE A () 200 2 e BE v a7 2B Y L
Ve N EH A, S80S (R s e AR SR DL A
TR AL, SORE AR — R B 3 = F A 0 9 L Ao A7

AEST. SHYORIUR LT A L B4 50 7 B RS
I ORI, AT DL X S ORI A AT E R LA
e PR /N AR, IR 5(c) B 7). 9Kk
BIRJ5, A AR A O i T RO L A AR AT
TER RN THe R, HAAAh

2

C'= 6035 + egermnm <;> (d—lkl - (11> , (10)
o, RN AR A SR EAR, m, n AT k55
FRHEA TN 2, y M 2B 5 0 HES AT i 25 4R 1Y
Bk, LU, B RA T N TEIA
T RTINS . B4R KRBT AYZR E
AR LR B R SR B S AR o v HL A I PR g
FEAR ISR, XK SR SR T B A B AR AL
T 70 R A EL S AR (681,

SIBRAIHRESR (MOF) J—2h L8 e
TR AL A 38 ek e e A7 522 42 17 B 1 it PR 94 K
ML, HA DMK ALK | 5 b i AURT AT
PR, S22 T TENG % th PERE Y
FRCIEUEL. ARl 5(d) Frs, MOF fif Az i FEgh ok
Z fLik (Co-NPC) M EHE#E A PVDF E )5, 78
REWHRA TN TIE R T A 2525, KBS A
BRI AT A RE 8w T 9.5 A% 9 [WIEE, M
T Co-NPC Y5 PVDF ¥ Z A1 i P BB AN VL T
SR Ik LR G VE T, TEf i g7 225 #E
Co-NPC 4K FALRENS 5 PVDF 9K 21 2 [ Al HE
G, $&/5 T PVDF LG BB B, @it 5
Nylon-11 K EF 4 FL %, PhFIEE = T % o %%
FE (19.24 W/m?). XF T IEB A B, Chen 45 0 4%
B FORE L) "4 MOF 44k 8 A2 K&
F (silk fibroin, SF) il & 1 —F S G BE, JF0F
ST T LR SFURIHES R X A i 2 g R R PR RE Y
S, WNE 5(e) 7R, S55RH, B/ 80N 0.2%
) MOF 42K J LA P HES i 7 2043 #fE SF Ak
H BEREAF IR K AR L A (H, AHRL Y TENG %
WYPRE T T 9 f5. A ELBEHLEES, i HES1
J7 CRE T A oA T R A A I 4%, BT Y i L A 4
HLR Y MOF 44Kk B 7T LA SF 45 2% 4 Ji 3450 b
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ture dielectric with gradient concentration®!.

070702-16


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No.7 (2024) 070702

() P 38 A FL R B2 S, U2 TR T LA A i
SHH AL, MM 4 S TENG fii. 7857 —5
TAEH, Zhong %5 1 2 1 T —Fp XUZ R 2 N
(PCL) 94K £ 4 54 by 1 AR 1 19 BE 82 FRL A T,
50 FANZ K PCL Ak £F 4 Ffs T N2 PCL/
CNTs 40K 214k, 24 PCL/CNTs 41 4k i B A i
SR 3% 1) CNT 844 ht, HWZA0OREF
JERE R 121 B, TENG A9 %6 1% 55 5% L far 1T DL 3K
# 84 nC/m? (1 Hz), J&R M PCL 1E B4 it
] TENG 19 8.4 fi5.

W, ZIEEA TSR A RE T =
A A, HXFRAME AR EA —E R
BHESGVE . 22 2 f A 0T 14 58 R AR o 2 s B ] i 45
P, BT 2 2458 T LA G dl e T/
AR A S5/ HL A S5 A X L A A G RS, A
AW 2R AR R AU A A2, RT3 5 22 2 LA T
Mg . S L, ZREA T2 AR L
VER i ZE 2 s L B2, TS A B T
il 5 FLIE E P R, TS A BT R T R
B B AR . A 8(c) Fiaw, Liu 5 92 SR A
FEZ4E T —Fh 3 JZE5 MM 9K A BT, A
S3HE PVDF AT ALK 41 (PVDE/
BNNS) Dt & 28379, 1 PVDF S5EKERE1EE
YKL E)JZE (PVDF/BST) IR HEE A H
B, AR S R AR T 588 MV /m. 2019 4F,
Jiang Z¢18 $4H T—Fh PVDF-HFP #IPVDF-HFP/
BaTiO; 2 )2 & LA B i, IR 04k 7 HHES
I FECR: (22 16 )2). X T#.)2 PVDF-HFP/
BaTiO; /i1, BaTiO; 44 K JiUkL i 55 15 2 vk 7 &
PR HLATE A BTN BB, IR AT e A T rh gl oy
AL IEASIEE, A 22 T 4l PVDF-HFP 4 Ji
HAEHE ML rERE. Wik, £ )2 PVDF-HFP
1 PVDF-HFP /BaTiOg Y S 4 b, 2 0] A i
A (AR A FL A 15 T 5 L3 ) A S I R 25 A Ak
MY Ey 0774, 38 BEAIR A 50 55018 1 Jm B 3 0
e AT A S . L, AR R
PAREE] T 862 MV /m.

AR, BT R EE MR EE B0 0Y 2 R A B A5 3
T EZ RT3 niE 8(d) Fis, Wang 45 P9K
RIRIB 24 FE 1) PVDF /BaTiO, H1 A [ AR vk
HES (W FE N L2 3 R 2B ), T R B vk B
() 3 JZEEFGIK LA 5T, (W) BT B 9 A Aefs i B
it # BaTiO, RS BB EE, 7T LUE —1>

5553 P 37 DX 3B R A 00D 246 2% 5 B LA BELA: FEL AR S )
K, G TR RIS i . FE TR
ZR ARG 1 22 2 HL AT T T AR R A R A X A v 8
P36 UL ROE S N (SN I 71N L 0B SN R TS
IO AR, RO g 1 A oA o 27 JEE e L
WL, I RSB AR S R Y T A R
YL B R A . 3k T vk D T e E
TENG WEEE R BT fil s fefit T E2 S %

6 SELHEREZ

FEERE MY LAY B R T TENG #8450 1
LR AZ O R4k, BIFTN D3 RIS HL A TS
BT e | RO AT RE IR S PR ST R TR
w TAE, FHFEZERGYAK A B/ B RE 4%
FERET 25T, #esh T i TENG /)i PERE A
AR &5 . SR, H AT AE — S iR £
Py [ .

1) S35 E PERE B LAY BRI BT RIS

FFH S —PE R By B ATk,
A S TOWZRAE ik, ENAMEE ISR T
AN 275 F A 42 i R 1) F e SRR, G U
THTFENE SRR FHEZL®. R, Harg
X BB W A2 S5 h) 5 R L P BB 1 O R AT = B2
— TR, AR EE R F A B e e
18 IR BB R, AR F BT E A
Jo 8 L PR BRI R A5 Tk B A ML ARIATS AS BH

2) XTEEHE LAY A RhIEA T 2 Al A

TENG ¥ = M i 5 BE e A AT BH 2
T FEL i 2 B R LB AT R B VIR G, AU B %
B IAT LA 28 B 7 A 5 T KR 0 S A, T
il 2 S g M EL A T AL, 25 AT i Ak A
T AR A | e J2 A0 A 258 D B 1% 2 e ok | PR, DA
FKIIREZ T | 2508 I b S e, i —
S PREE PR E A TR B R G S L AR RIEAERE 1Y)
DI, A AP T LAY BT R AT A
B K TENG F%6 H aER%.

3) SEIEEEELAY A RAL A = R AR I

BB, [ 58 PERE EE AR LAY UM R A R 7E
SRR 2 IS TiEZ IR, KRN B T &1t
FH B30 AR B FUBSAE A B £ i, LA )
TENG DAL . 5546, % & TENG 4£ 841
W o FH T oK, EEEE R A UM R R P BRI & L BT

070702-17


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol.

73, No. 7 (2024) 070702

[B] TOAR BETH A5 L AR R TH I 285 T 5 P 5 RE i
BB P I I R B 2Bk

S7% 30k

[1] Fan F R, Tian Z Q, Lin Wang Z 2012 Nano Energy 1 328
2] Kim W G, Kim D W, Tcho I W, Kim J K, Kim M S, Choi Y
K 2021 ACS Nano 15 258
[3] Chang A, Uy C, Xiao X, Xiao X, Chen J 2022 Nano Energy
98 107282
[4] Wang Z L 2021 Rep. Prog. Phys. 84 096502
[5] Deng H C, Xiao S, Yang A J, Wu H Y, Tang J, Zhang X X,
LiY 2023 Nano Energy 115 108738
[6] Fan Y Y, Zhang L, Li D C, Wang Z L 2023 Nano Energy 118
108959
[7] Chen G, Wang J, Xu G Q, Fu J J, Gani A B, Dai J H, Guan
D, TuYP,LiCY,ZYL 2023 EcoMat 5 ¢12410
[8] Liang Y, Xu X Y, Zhao L B, Lei C Y, Dai K J, Zhuo R, Fan
B B, Cheng E, Hassan M A, Gao L X, Mu X J, Hu N, Zhang
C 2023 Small 2308469
[9] Zhou L L, Liu D, Wang J, Wang Z L 2020 Friction 8 481
(10] Jiang F, Zhan L X, Lee J P, Lee P S 2023 Adv. Mater. 36
2308197
[11] Liu Y H, Mo J L, Fu Q, Lu Y X, Zhang N, Wang S F, Nie S
X 2020 Adv. Funct. Mater. 30 2004714
[12] Tao X L, Chen X, Wang Z L 2023 Energy Environ. Sci. 16
3654
[13] Ahn J, Zhao Z J, Choi J, Jeong Y, Hwang S, Ko J, Gu J,
Jeon S, Park J, Kang M, Del Orbe D V, Cho I, Kang H, Bok
M, Jeong J H, Park I 2021 Nano Energy 85 105978
[14] Shin S H, Bae Y E, Moon H K, Kim J, Choi S H, Kim Y,
Yoon H J, Lee M H, Nah J 2017 ACS Nano 11 6131
(15] Bharti D K, Veeralingam S, Badhulika S 2022 Mater. Horiz.
9 663
[16] Peng Z H, Xiao X, Song J X, Libanori A, Lee C, Chen K,
Gao Y, Fang Y S, Wang J, Wang Z K, Chen J, Leung M K
H 2022 ACS Nano 16 20251
17 CuiNY, LiuJ M, Lei Y M, Gu L, Xu Q, Liu S H, Qin Y
2018 ACS Appl. Energy Mater. 1 2891
(18] Jiang J Y, Shen Z H, Qian J F, Dan Z K, Guo M F, He Y,
Lin Y H, Nan C W, Chen L Q, Shen Y 2019 Nano Energy 62
220
[19] Wang S, Lin L, Wang Z L 2012 Nano Lett. 12 6339
[20] Wang S H, Lin L, Xie Y N, Jing Q S, Niu S M, Wang Z L
2013 Nano Lett. 13 2226
[21] Mallineni S S K, Behlow H, Dong Y, Bhattacharya S, Rao A
M, Podila R 2017 Nano Energy 35 263
[22] Niu S, Wang Z L 2015 Nano Energy 14 161
[23] Liu D, Zhou L L, Cui S N, Gao Y K, Li S X, Zhao Z H, Yi Z
Y, Zou H Y, Fan Y J, Wang J, Wang Z L 2022 Nat.
Commun. 13 6019
[24] Wang H B, Huang S Y, Kuang H Z, Zhang C, Liu Y L,
Zhang K H, Cai X Y, Wang X Z, Luo J K, Wang Z L 2023
Adv. Energy Mater. 13 2300529
[25] Wang S J, Luo Z, Liang J J, Hu J, Jiang N S, He J L, Li Q
2022 ACS Nano 16 13612
[26] Khandelwal G, Maria Joseph Raj N P, Kim S 2021 Adwv.
Energy Mater. 11 2101170
[27] Wang Z L, Wang A C 2019 Mater. Today 30 34
28] Kim M P, Um D S, Shin Y E, Ko H 2021 Nanoscale Res.
Lett. 16 35

29]

30]
(31]
(32]
33]
(34]

35]

(36]
(37]

38]
(39]

(40]

[41]

j42]
[43]
j44]
j45]
[46]
j47]
48]
[49]

[50]

[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

[59]

070702-18

Liu Z Q, Huang Y Z, Shi Y X, Tao X L, Yang P, Dong X Y,
Hu J, Huang Z X, Chen X Y, Qu J P 2023 Adv. Funct.
Mater. 33 2302164

Wang Z, Cheng L, Zheng Y B, Qin Y, Wang Z L 2014 Nano
Energy 10 37

Wu HY, He W C, Shan C C, Wang Z, Fu S K, Tang Q, Guo
HY,DuY, Liu WL, Hu C G 2022 Adv. Mater. 34 2109918
Li X, Tung C H, Pey K L 2008 Appl. Phys. Lett. 93 072903
Baird M E 1975 Phys. Bull. 26 54

Wang C Y, Guo HY, Wang P, Li J W, Sun Y H, Zhang D
2023 Adv. Mater. 35 2209895

Fradera X, Austen M A, Bader R F W 1999 J. Phys. Chem.
A 103 304

Tanaka M, Sackmann E 2005 Nature 437 656

Feng HF, LiHY, XuJ, Yin Y M, Cao J W, Yu R X, Wang
B X, Li R W, Zhu G 2022 Nano Energy 98 107279

Muthu M, Pandey R, Wang X, Chandrasekhar A, Palani I A,
Singh V 2020 Nano Energy 78 105205

Sun X, Liu Y J, Luo N, Liu Y, Feng Y G, Chen S G, Wang
D A 2022 Nano Energy 102 107691

LiY, Xiao S, Zhang X X, Jia P, Tian S S, Pan C, Zeng F P,
Chen D C, Chen Y Y, Tang J, Xiong J Q 2022 Nano Energy
98 107347

Liu Z Q, Huang Y Z, Shi Y X, Tao X L, He H Z, Chen F D,
Huang Z X, Wang Z L, Chen X Y, Qu J P 2022 Nat.
Commun. 13 4083

Aazem I, Walden R, Babu A, Pillai S C 2022 Results in
Engineering 16 100756

Mule A R, Dudem B, Yu J S 2018 Energy 165 677

Shrestha K, Sharma S, Pradhan G B, Bhatta T, Maharjan P,
Rana S S, Lee S, Seonu S, Shin Y, Park J Y 2022 Adv. Funct.
Mater. 32 2113005

LiY, Xiao S, Luo Y, Tian S S, Tang J, Zhang X X, Xiong J
Q 2022 Nano Energy 104 107884

Sun Y, Zheng Y D, Wang R, Lei T D, Liu J, Fan J, Shou W,
Liu Y 2022 Nano Energy 100 107506

Xiong J Q, Luo H S, Gao D C, Zhou X R, Cui P, Thangavel
G, Parida K, Lee P S 2019 Nano Energy 61 584

LiSY, Nie J H, Shi Y X, Tao X L, Wang F, Tian J W, Lin
S Q, Chen X Y, Wang Z L 2020 Adv. Mater. 32 2001307

Lin S Q, Zheng M L, Luo J J, Wang Z L 2020 ACS Nano 14
10733

Luo N, Feng Y G, Li X J, Sun W X, Wang D A, Ye Q, Sun
X J, Zhou F, Liu W M 2021 ACS Appl. Mater. Interfaces 13
15344

LiuY H, Fu Q, Mo J L, Lu Y X, Cai C C, Luo B, Nie S X
2021 Nano Energy 89 106369

Ryu H, Lee J, Kim T, Khan U, Lee J H, Kwak S S, Yoon H,
Kim S 2017 Adv. Energy Mater. 7 1700289

Sundriyal P, Pandey M, Bhattacharya S 2020 Int. J. Adhes.
Adhes. 101 102626

Zhang Q, Jiang C M, Li X J, Dai S F, Ying Y B, Ping J F
2021 ACS Nano 15 12314

Kim W, Okada T, Park H W, Kim J, Kim S, Kim S W,
Samukawa S, Choi D 2019 J. Mater. Chem. A 7 25066

IiL Z, Wang X L, Hu Y Q, Li Z H, Wang C F, Zhao Z R
2022 Adv. Funct. Mater. 32 2109949

Yu S Y, Tai Y Y, Milam-Guerrero J, Nam J, Myung N V
2022 Nano Energy 97 107174

LiLZ, Wang X L, Hu Y Q, Li Z H, Zhao Z R, Zheng G 2023
Nano Energy 115 108724

Xi B B, Wang L L, Yang B, Xia Y F, Chen D L, Wang X
2023 Nano Energy 110 108385


https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1021/acsnano.0c09803
https://doi.org/10.1021/acsnano.0c09803
https://doi.org/10.1021/acsnano.0c09803
https://doi.org/10.1021/acsnano.0c09803
https://doi.org/10.1021/acsnano.0c09803
https://doi.org/10.1021/acsnano.0c09803
https://doi.org/10.1021/acsnano.0c09803
https://doi.org/10.1016/j.nanoen.2022.107282
https://doi.org/10.1016/j.nanoen.2022.107282
https://doi.org/10.1016/j.nanoen.2022.107282
https://doi.org/10.1016/j.nanoen.2022.107282
https://doi.org/10.1016/j.nanoen.2022.107282
https://doi.org/10.1016/j.nanoen.2022.107282
https://doi.org/10.1088/1361-6633/ac0a50
https://doi.org/10.1088/1361-6633/ac0a50
https://doi.org/10.1088/1361-6633/ac0a50
https://doi.org/10.1088/1361-6633/ac0a50
https://doi.org/10.1088/1361-6633/ac0a50
https://doi.org/10.1088/1361-6633/ac0a50
https://doi.org/10.1088/1361-6633/ac0a50
https://doi.org/10.1016/j.nanoen.2023.108738
https://doi.org/10.1016/j.nanoen.2023.108738
https://doi.org/10.1016/j.nanoen.2023.108738
https://doi.org/10.1016/j.nanoen.2023.108738
https://doi.org/10.1016/j.nanoen.2023.108738
https://doi.org/10.1016/j.nanoen.2023.108738
https://doi.org/10.1016/j.nanoen.2023.108738
https://doi.org/10.1016/j.nanoen.2023.108959
https://doi.org/10.1016/j.nanoen.2023.108959
https://doi.org/10.1016/j.nanoen.2023.108959
https://doi.org/10.1016/j.nanoen.2023.108959
https://doi.org/10.1016/j.nanoen.2023.108959
https://doi.org/10.1016/j.nanoen.2023.108959
https://doi.org/10.1002/eom2.12410
https://doi.org/10.1002/eom2.12410
https://doi.org/10.1002/eom2.12410
https://doi.org/10.1002/eom2.12410
https://doi.org/10.1002/eom2.12410
https://doi.org/10.1002/eom2.12410
https://doi.org/10.1002/eom2.12410
https://doi.org/10.1002/smll.202308469
https://doi.org/10.1002/smll.202308469
https://doi.org/10.1002/smll.202308469
https://doi.org/10.1002/smll.202308469
https://doi.org/10.1002/smll.202308469
https://doi.org/10.1007/s40544-020-0390-3
https://doi.org/10.1007/s40544-020-0390-3
https://doi.org/10.1007/s40544-020-0390-3
https://doi.org/10.1007/s40544-020-0390-3
https://doi.org/10.1007/s40544-020-0390-3
https://doi.org/10.1007/s40544-020-0390-3
https://doi.org/10.1007/s40544-020-0390-3
10.1002/adma.202308197
10.1002/adma.202308197
https://doi.org/10.1002/adfm.202004714
https://doi.org/10.1002/adfm.202004714
https://doi.org/10.1002/adfm.202004714
https://doi.org/10.1002/adfm.202004714
https://doi.org/10.1002/adfm.202004714
https://doi.org/10.1002/adfm.202004714
https://doi.org/10.1002/adfm.202004714
https://doi.org/10.1039/D3EE01325A
https://doi.org/10.1039/D3EE01325A
https://doi.org/10.1039/D3EE01325A
https://doi.org/10.1039/D3EE01325A
https://doi.org/10.1039/D3EE01325A
https://doi.org/10.1039/D3EE01325A
https://doi.org/10.1016/j.nanoen.2021.105978
https://doi.org/10.1016/j.nanoen.2021.105978
https://doi.org/10.1016/j.nanoen.2021.105978
https://doi.org/10.1016/j.nanoen.2021.105978
https://doi.org/10.1016/j.nanoen.2021.105978
https://doi.org/10.1016/j.nanoen.2021.105978
https://doi.org/10.1016/j.nanoen.2021.105978
https://doi.org/10.1021/acsnano.7b02156
https://doi.org/10.1021/acsnano.7b02156
https://doi.org/10.1021/acsnano.7b02156
https://doi.org/10.1021/acsnano.7b02156
https://doi.org/10.1021/acsnano.7b02156
https://doi.org/10.1021/acsnano.7b02156
https://doi.org/10.1021/acsnano.7b02156
https://doi.org/10.1039/D1MH01606G
https://doi.org/10.1039/D1MH01606G
https://doi.org/10.1039/D1MH01606G
https://doi.org/10.1039/D1MH01606G
https://doi.org/10.1039/D1MH01606G
https://doi.org/10.1039/D1MH01606G
https://doi.org/10.1021/acsnano.2c05820
https://doi.org/10.1021/acsnano.2c05820
https://doi.org/10.1021/acsnano.2c05820
https://doi.org/10.1021/acsnano.2c05820
https://doi.org/10.1021/acsnano.2c05820
https://doi.org/10.1021/acsnano.2c05820
https://doi.org/10.1021/acsnano.2c05820
https://doi.org/10.1021/acsaem.8b00530
https://doi.org/10.1021/acsaem.8b00530
https://doi.org/10.1021/acsaem.8b00530
https://doi.org/10.1021/acsaem.8b00530
https://doi.org/10.1021/acsaem.8b00530
https://doi.org/10.1021/acsaem.8b00530
https://doi.org/10.1021/acsaem.8b00530
https://doi.org/10.1016/j.nanoen.2019.05.038
https://doi.org/10.1016/j.nanoen.2019.05.038
https://doi.org/10.1016/j.nanoen.2019.05.038
https://doi.org/10.1016/j.nanoen.2019.05.038
https://doi.org/10.1016/j.nanoen.2019.05.038
https://doi.org/10.1016/j.nanoen.2019.05.038
https://doi.org/10.1021/nl303573d
https://doi.org/10.1021/nl303573d
https://doi.org/10.1021/nl303573d
https://doi.org/10.1021/nl303573d
https://doi.org/10.1021/nl303573d
https://doi.org/10.1021/nl303573d
https://doi.org/10.1021/nl303573d
https://doi.org/10.1021/nl400738p
https://doi.org/10.1021/nl400738p
https://doi.org/10.1021/nl400738p
https://doi.org/10.1021/nl400738p
https://doi.org/10.1021/nl400738p
https://doi.org/10.1021/nl400738p
https://doi.org/10.1021/nl400738p
https://doi.org/10.1016/j.nanoen.2017.03.043
https://doi.org/10.1016/j.nanoen.2017.03.043
https://doi.org/10.1016/j.nanoen.2017.03.043
https://doi.org/10.1016/j.nanoen.2017.03.043
https://doi.org/10.1016/j.nanoen.2017.03.043
https://doi.org/10.1016/j.nanoen.2017.03.043
https://doi.org/10.1016/j.nanoen.2017.03.043
https://doi.org/10.1016/j.nanoen.2014.11.034
https://doi.org/10.1016/j.nanoen.2014.11.034
https://doi.org/10.1016/j.nanoen.2014.11.034
https://doi.org/10.1016/j.nanoen.2014.11.034
https://doi.org/10.1016/j.nanoen.2014.11.034
https://doi.org/10.1016/j.nanoen.2014.11.034
https://doi.org/10.1016/j.nanoen.2014.11.034
https://doi.org/10.1038/s41467-022-33766-z
https://doi.org/10.1038/s41467-022-33766-z
https://doi.org/10.1038/s41467-022-33766-z
https://doi.org/10.1038/s41467-022-33766-z
https://doi.org/10.1038/s41467-022-33766-z
https://doi.org/10.1038/s41467-022-33766-z
https://doi.org/10.1038/s41467-022-33766-z
https://doi.org/10.1038/s41467-022-33766-z
https://doi.org/10.1002/aenm.202300529
https://doi.org/10.1002/aenm.202300529
https://doi.org/10.1002/aenm.202300529
https://doi.org/10.1002/aenm.202300529
https://doi.org/10.1002/aenm.202300529
https://doi.org/10.1002/aenm.202300529
https://doi.org/10.1021/acsnano.2c07404
https://doi.org/10.1021/acsnano.2c07404
https://doi.org/10.1021/acsnano.2c07404
https://doi.org/10.1021/acsnano.2c07404
https://doi.org/10.1021/acsnano.2c07404
https://doi.org/10.1021/acsnano.2c07404
https://doi.org/10.1021/acsnano.2c07404
https://doi.org/10.1002/aenm.202101170
https://doi.org/10.1002/aenm.202101170
https://doi.org/10.1002/aenm.202101170
https://doi.org/10.1002/aenm.202101170
https://doi.org/10.1002/aenm.202101170
https://doi.org/10.1002/aenm.202101170
https://doi.org/10.1002/aenm.202101170
https://doi.org/10.1002/aenm.202101170
https://doi.org/10.1016/j.mattod.2019.05.016
https://doi.org/10.1016/j.mattod.2019.05.016
https://doi.org/10.1016/j.mattod.2019.05.016
https://doi.org/10.1016/j.mattod.2019.05.016
https://doi.org/10.1016/j.mattod.2019.05.016
https://doi.org/10.1016/j.mattod.2019.05.016
https://doi.org/10.1016/j.mattod.2019.05.016
https://doi.org/10.1186/s11671-021-03492-4
https://doi.org/10.1186/s11671-021-03492-4
https://doi.org/10.1186/s11671-021-03492-4
https://doi.org/10.1186/s11671-021-03492-4
https://doi.org/10.1186/s11671-021-03492-4
https://doi.org/10.1186/s11671-021-03492-4
https://doi.org/10.1186/s11671-021-03492-4
https://doi.org/10.1186/s11671-021-03492-4
https://doi.org/10.1002/adfm.202302164
https://doi.org/10.1002/adfm.202302164
https://doi.org/10.1002/adfm.202302164
https://doi.org/10.1002/adfm.202302164
https://doi.org/10.1002/adfm.202302164
https://doi.org/10.1002/adfm.202302164
https://doi.org/10.1002/adfm.202302164
https://doi.org/10.1002/adfm.202302164
https://doi.org/10.1016/j.nanoen.2014.08.017
https://doi.org/10.1016/j.nanoen.2014.08.017
https://doi.org/10.1016/j.nanoen.2014.08.017
https://doi.org/10.1016/j.nanoen.2014.08.017
https://doi.org/10.1016/j.nanoen.2014.08.017
https://doi.org/10.1016/j.nanoen.2014.08.017
https://doi.org/10.1016/j.nanoen.2014.08.017
https://doi.org/10.1016/j.nanoen.2014.08.017
https://doi.org/10.1002/adma.202109918
https://doi.org/10.1002/adma.202109918
https://doi.org/10.1002/adma.202109918
https://doi.org/10.1002/adma.202109918
https://doi.org/10.1002/adma.202109918
https://doi.org/10.1002/adma.202109918
https://doi.org/10.1002/adma.202109918
https://doi.org/10.1063/1.2974792
https://doi.org/10.1063/1.2974792
https://doi.org/10.1063/1.2974792
https://doi.org/10.1063/1.2974792
https://doi.org/10.1063/1.2974792
https://doi.org/10.1063/1.2974792
https://doi.org/10.1063/1.2974792
https://doi.org/10.1088/0031-9112/26/2/018
https://doi.org/10.1088/0031-9112/26/2/018
https://doi.org/10.1088/0031-9112/26/2/018
https://doi.org/10.1088/0031-9112/26/2/018
https://doi.org/10.1088/0031-9112/26/2/018
https://doi.org/10.1088/0031-9112/26/2/018
https://doi.org/10.1088/0031-9112/26/2/018
https://doi.org/10.1002/adma.202209895
https://doi.org/10.1002/adma.202209895
https://doi.org/10.1002/adma.202209895
https://doi.org/10.1002/adma.202209895
https://doi.org/10.1002/adma.202209895
https://doi.org/10.1002/adma.202209895
https://doi.org/10.1002/adma.202209895
https://doi.org/10.1021/jp983362q
https://doi.org/10.1021/jp983362q
https://doi.org/10.1021/jp983362q
https://doi.org/10.1021/jp983362q
https://doi.org/10.1021/jp983362q
https://doi.org/10.1021/jp983362q
https://doi.org/10.1021/jp983362q
https://doi.org/10.1021/jp983362q
https://doi.org/10.1038/nature04164
https://doi.org/10.1038/nature04164
https://doi.org/10.1038/nature04164
https://doi.org/10.1038/nature04164
https://doi.org/10.1038/nature04164
https://doi.org/10.1038/nature04164
https://doi.org/10.1038/nature04164
https://doi.org/10.1016/j.nanoen.2022.107279
https://doi.org/10.1016/j.nanoen.2022.107279
https://doi.org/10.1016/j.nanoen.2022.107279
https://doi.org/10.1016/j.nanoen.2022.107279
https://doi.org/10.1016/j.nanoen.2022.107279
https://doi.org/10.1016/j.nanoen.2022.107279
https://doi.org/10.1016/j.nanoen.2022.107279
https://doi.org/10.1016/j.nanoen.2020.105205
https://doi.org/10.1016/j.nanoen.2020.105205
https://doi.org/10.1016/j.nanoen.2020.105205
https://doi.org/10.1016/j.nanoen.2020.105205
https://doi.org/10.1016/j.nanoen.2020.105205
https://doi.org/10.1016/j.nanoen.2020.105205
https://doi.org/10.1016/j.nanoen.2020.105205
https://doi.org/10.1016/j.nanoen.2022.107691
https://doi.org/10.1016/j.nanoen.2022.107691
https://doi.org/10.1016/j.nanoen.2022.107691
https://doi.org/10.1016/j.nanoen.2022.107691
https://doi.org/10.1016/j.nanoen.2022.107691
https://doi.org/10.1016/j.nanoen.2022.107691
https://doi.org/10.1016/j.nanoen.2022.107691
https://doi.org/10.1016/j.nanoen.2022.107347
https://doi.org/10.1016/j.nanoen.2022.107347
https://doi.org/10.1016/j.nanoen.2022.107347
https://doi.org/10.1016/j.nanoen.2022.107347
https://doi.org/10.1016/j.nanoen.2022.107347
https://doi.org/10.1016/j.nanoen.2022.107347
https://doi.org/10.1038/s41467-022-31822-2
https://doi.org/10.1038/s41467-022-31822-2
https://doi.org/10.1038/s41467-022-31822-2
https://doi.org/10.1038/s41467-022-31822-2
https://doi.org/10.1038/s41467-022-31822-2
https://doi.org/10.1038/s41467-022-31822-2
https://doi.org/10.1038/s41467-022-31822-2
https://doi.org/10.1038/s41467-022-31822-2
https://doi.org/10.1016/j.rineng.2022.100756
https://doi.org/10.1016/j.rineng.2022.100756
https://doi.org/10.1016/j.rineng.2022.100756
https://doi.org/10.1016/j.rineng.2022.100756
https://doi.org/10.1016/j.rineng.2022.100756
https://doi.org/10.1016/j.rineng.2022.100756
https://doi.org/10.1016/j.rineng.2022.100756
https://doi.org/10.1016/j.rineng.2022.100756
https://doi.org/10.1016/j.energy.2018.09.122
https://doi.org/10.1016/j.energy.2018.09.122
https://doi.org/10.1016/j.energy.2018.09.122
https://doi.org/10.1016/j.energy.2018.09.122
https://doi.org/10.1016/j.energy.2018.09.122
https://doi.org/10.1016/j.energy.2018.09.122
https://doi.org/10.1016/j.energy.2018.09.122
https://doi.org/10.1002/adfm.202113005
https://doi.org/10.1002/adfm.202113005
https://doi.org/10.1002/adfm.202113005
https://doi.org/10.1002/adfm.202113005
https://doi.org/10.1002/adfm.202113005
https://doi.org/10.1002/adfm.202113005
https://doi.org/10.1002/adfm.202113005
https://doi.org/10.1002/adfm.202113005
https://doi.org/10.1016/j.nanoen.2022.107884
https://doi.org/10.1016/j.nanoen.2022.107884
https://doi.org/10.1016/j.nanoen.2022.107884
https://doi.org/10.1016/j.nanoen.2022.107884
https://doi.org/10.1016/j.nanoen.2022.107884
https://doi.org/10.1016/j.nanoen.2022.107884
https://doi.org/10.1016/j.nanoen.2022.107884
https://doi.org/10.1016/j.nanoen.2022.107506
https://doi.org/10.1016/j.nanoen.2022.107506
https://doi.org/10.1016/j.nanoen.2022.107506
https://doi.org/10.1016/j.nanoen.2022.107506
https://doi.org/10.1016/j.nanoen.2022.107506
https://doi.org/10.1016/j.nanoen.2022.107506
https://doi.org/10.1016/j.nanoen.2022.107506
https://doi.org/10.1016/j.nanoen.2019.04.089
https://doi.org/10.1016/j.nanoen.2019.04.089
https://doi.org/10.1016/j.nanoen.2019.04.089
https://doi.org/10.1016/j.nanoen.2019.04.089
https://doi.org/10.1016/j.nanoen.2019.04.089
https://doi.org/10.1016/j.nanoen.2019.04.089
https://doi.org/10.1016/j.nanoen.2019.04.089
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1021/acsnano.0c06075
https://doi.org/10.1021/acsnano.0c06075
https://doi.org/10.1021/acsnano.0c06075
https://doi.org/10.1021/acsnano.0c06075
https://doi.org/10.1021/acsnano.0c06075
https://doi.org/10.1021/acsnano.0c06075
https://doi.org/10.1021/acsami.1c02259
https://doi.org/10.1021/acsami.1c02259
https://doi.org/10.1021/acsami.1c02259
https://doi.org/10.1021/acsami.1c02259
https://doi.org/10.1021/acsami.1c02259
https://doi.org/10.1021/acsami.1c02259
https://doi.org/10.1016/j.nanoen.2021.106369
https://doi.org/10.1016/j.nanoen.2021.106369
https://doi.org/10.1016/j.nanoen.2021.106369
https://doi.org/10.1016/j.nanoen.2021.106369
https://doi.org/10.1016/j.nanoen.2021.106369
https://doi.org/10.1016/j.nanoen.2021.106369
https://doi.org/10.1016/j.nanoen.2021.106369
https://doi.org/10.1002/aenm.201700289
https://doi.org/10.1002/aenm.201700289
https://doi.org/10.1002/aenm.201700289
https://doi.org/10.1002/aenm.201700289
https://doi.org/10.1002/aenm.201700289
https://doi.org/10.1002/aenm.201700289
https://doi.org/10.1002/aenm.201700289
https://doi.org/10.1016/j.ijadhadh.2020.102626
https://doi.org/10.1016/j.ijadhadh.2020.102626
https://doi.org/10.1016/j.ijadhadh.2020.102626
https://doi.org/10.1016/j.ijadhadh.2020.102626
https://doi.org/10.1016/j.ijadhadh.2020.102626
https://doi.org/10.1016/j.ijadhadh.2020.102626
https://doi.org/10.1016/j.ijadhadh.2020.102626
https://doi.org/10.1016/j.ijadhadh.2020.102626
https://doi.org/10.1021/acsnano.1c04258
https://doi.org/10.1021/acsnano.1c04258
https://doi.org/10.1021/acsnano.1c04258
https://doi.org/10.1021/acsnano.1c04258
https://doi.org/10.1021/acsnano.1c04258
https://doi.org/10.1021/acsnano.1c04258
https://doi.org/10.1021/acsnano.1c04258
https://doi.org/10.1039/C9TA09990E
https://doi.org/10.1039/C9TA09990E
https://doi.org/10.1039/C9TA09990E
https://doi.org/10.1039/C9TA09990E
https://doi.org/10.1039/C9TA09990E
https://doi.org/10.1039/C9TA09990E
https://doi.org/10.1039/C9TA09990E
https://doi.org/10.1002/adfm.202109949
https://doi.org/10.1002/adfm.202109949
https://doi.org/10.1002/adfm.202109949
https://doi.org/10.1002/adfm.202109949
https://doi.org/10.1002/adfm.202109949
https://doi.org/10.1002/adfm.202109949
https://doi.org/10.1002/adfm.202109949
https://doi.org/10.1016/j.nanoen.2022.107174
https://doi.org/10.1016/j.nanoen.2022.107174
https://doi.org/10.1016/j.nanoen.2022.107174
https://doi.org/10.1016/j.nanoen.2022.107174
https://doi.org/10.1016/j.nanoen.2022.107174
https://doi.org/10.1016/j.nanoen.2022.107174
https://doi.org/10.1016/j.nanoen.2022.107174
https://doi.org/10.1016/j.nanoen.2023.108724
https://doi.org/10.1016/j.nanoen.2023.108724
https://doi.org/10.1016/j.nanoen.2023.108724
https://doi.org/10.1016/j.nanoen.2023.108724
https://doi.org/10.1016/j.nanoen.2023.108724
https://doi.org/10.1016/j.nanoen.2023.108724
https://doi.org/10.1016/j.nanoen.2023.108385
https://doi.org/10.1016/j.nanoen.2023.108385
https://doi.org/10.1016/j.nanoen.2023.108385
https://doi.org/10.1016/j.nanoen.2023.108385
https://doi.org/10.1016/j.nanoen.2023.108385
https://doi.org/10.1016/j.nanoen.2023.108385
https://doi.org/10.1016/j.nanoen.2023.108385
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No.7 (2024) 070702

(60]

(61]

(62]

(63]

(64]

(65]

(6]

(67]

Min G, Pullanchiyodan A, Dahiya A S, Hosseini E S, Xu Y,
Mulvihill D M, Dahiya R 2021 Nano Energy 90 106600

Shi L, Jin H, Dong S R, Huang S Y, Kuang H Z, Xu H S,
Chen J, K Xuan W P, Zhang S M, Li S J, Wang X Z, Luo J
K 2021 Nano Energy 80 105599

Tang Y, XuBG,GaoY Y,LiZH, Tan D, Li M Q, Liu Y F,
Huang J X 2022 Nano Energy 103 107833

Sun Q Z, Ren G Z, He S H, Tang B, Li Y J, Wei Y W, Shi X
W, Tan S X, Yan R, Wang K L, Yu L Y Z, Wang J J, Gao
K, Zhu C C, Song Y X, Gong Z Y, Lu G, Huang W, Yu H D
2023 Adv. Mater. 36 2307918

Salauddin Md, Rana S M S, Sharifuzzaman Md, Song H S,
Reza Md S, Jeong S H, Park J Y 2023 Adv. Energy Mater. 13
2203812

Cao V A, Kim M, Lee S, Van P C, Jeong J R, Park P, Nah J
2023 Nano Energy 107 108128

Bhatta T, Maharjan P, Cho H, Park C, Yoon S H, Sharma S,
Salauddin M, Rahman M T, Rana S S, Park J Y 2021 Nano
Energy 81 105670

Suo X, Li B, Ji HF, Mei S L, Miao S, Gu M W, Yang Y Z,
Jiang D S, Cui S J, Chen L G, Chen G Y, Wen Z, Huang H
B 2023 Nano Energy 114 108651

Zhong J X, Hou X J, He J, Xue F, Yang Y, Chen L, Yu J B,
Mu J L, Geng W P, Chou X J 2022 Nano Energy 98 107289
Rahman M T, Rana S S, Zahed M A, Lee S, Yoon E S, Park
JY 2022 Nano Energy 94 106921

Chen Z, Cao Y, Yang W, An L, Fan H, Guo Y 2022 J.
Mater. Chem. A 10 799

Li W J, Lu L Q, Yan F, Palasantzas G, Loos K, Pei Y T
2023 Nano Energy 114 108629

Jiang F, Zhou X R, Lii J, Chen J, Chen J T, Kongcharoen H,
Zhang Y H, Lee P S 2022 Adv. Mater. 34 2200042

Ghosh S K, Kim J, Kim M P, Na S, Cho J, Kim J J, Ko H
2022 ACS Nano 16 11415

Zhou WY, Li T, Yuan M X, Li B, Zhong S L, Li Z, Liu X R,
Zhou J J, Wang Y, Cai H W, Dang Z M 2021 ESM 42 1

Yao L M, Pan Z B, Liu S H, Zhai J W, Chen H H D 2016
ACS Appl. Mater. Interfaces 8 26343

Luo S B, YuJY, YuS H, Sun R, Cao L Q, Liao W H, Wong
C P 2019 Adv. Energy Mater. 9 1803204

[77]

(78]

[79]
(80]

81]
82]
83]
84]

(85]

(86]

(87]

(83]

(89]
[90]
[91]

(92]

93]

(94]

070702-19

Jiang J Y, Shen Z H, Cai X K, Qian J F, Dan Z K, Lin Y H,
Liu B L, Nan C W, Chen L Q, Shen Y 2019 Adv. Energy
Mater. 9 1803411

Xie X K, Chen X P, Zhao C, Liu Y N, Sun X H, Zhao C Z,
Wen Z 2021 Nano Energy 79 105439

Pérez A T, Castellanos A 1989 Phys. Rev. A 40 5844

Shi K, Chai B, Zou H, Min D, Li S, Jiang P, Huang X 2022
Research 2022 2022/9862980

Cui NY, GuL,Lei Y M, Liu J M, Qin Y, Ma X H, Hao Y,
Wang Z L 2016 ACS Nano 10 6131

Feng Y G, Zheng Y B, Zhang G, Wang D A, Zhou F, Liu W
M 2017 Nano Energy 38 467

LiZ L, Zhu M M, Qiu Q, Yu J Y, Ding B 2018 Nano Energy
53 726

Park H W, Huynh N D, Kim W, Lee C, Nam Y, Lee S,
Chung K B, Choi D 2018 Nano Energy 50 9

Salauddin M, Rana S S, Sharifuzzaman M, Lee S H, Zahed M
A, Do Shin Y, Seonu S, Song H S, Bhatta T, Park J Y 2022
Nano Energy 100 107462

Jiang H X, Lei H, Wen Z, Shi J H, Bao D Q, Chen C, Jiang J
X, Guan Q B, Sun X H, Lee S T 2020 Nano Energy 75
105011

Lii S S, Zhang X, Huang T, Yu H, Zhang Q H, Zhu M F 2021
ACS Appl. Mater. Interfaces 13 2566

Xie X, Fang Y, Lu C, Tao Y, Yin L, Zhang Y, Wang Z,
Wang S, Zhao J, Tu X, Sun X, Lim E G, Zhao C, Liu Y,
Wen Z 2023 Chem. Eng. J. 452 139469

Feng M J, Feng Y, Zhang T D, Li J L, Chen Q G, Chi Q G,
Lei Q Q 2021 Adv. Sci. 8 2102221

Kim M P, Lee G, Noh B, Kim J, Kwak M S, Lee K J, Ko H
2024 Nano Energy 119 109087

Park Y, Shin Y E, Park J, Lee Y, Kim M P, Kim Y R, Na S,
Ghosh S K, Ko H 2020 ACS Nano 14 7101

Liu F H, Li Q, Cui J, Li Z Y, Yang G, Liu Y, Dong L J,
Xiong C X, Wang H, Wang Q 2017 Adv. Funct. Mater. 27
1606292

Jiang Y D, Zhang X, Shen Z H, Li X H, Yan J J, Li B W,
Nan C W 2020 Adv. Funct. Mater. 30 1906112

Wang Y F, Wang L X, Yuan Q B, Niu Y J, Chen J, Wang
Q, Wang H 2017 J. Mater. Chem. A 5 10849


https://doi.org/10.1016/j.nanoen.2021.106600
https://doi.org/10.1016/j.nanoen.2021.106600
https://doi.org/10.1016/j.nanoen.2021.106600
https://doi.org/10.1016/j.nanoen.2021.106600
https://doi.org/10.1016/j.nanoen.2021.106600
https://doi.org/10.1016/j.nanoen.2021.106600
https://doi.org/10.1016/j.nanoen.2021.106600
https://doi.org/10.1016/j.nanoen.2020.105599
https://doi.org/10.1016/j.nanoen.2020.105599
https://doi.org/10.1016/j.nanoen.2020.105599
https://doi.org/10.1016/j.nanoen.2020.105599
https://doi.org/10.1016/j.nanoen.2020.105599
https://doi.org/10.1016/j.nanoen.2020.105599
https://doi.org/10.1016/j.nanoen.2020.105599
https://doi.org/10.1016/j.nanoen.2022.107833
https://doi.org/10.1016/j.nanoen.2022.107833
https://doi.org/10.1016/j.nanoen.2022.107833
https://doi.org/10.1016/j.nanoen.2022.107833
https://doi.org/10.1016/j.nanoen.2022.107833
https://doi.org/10.1016/j.nanoen.2022.107833
https://doi.org/10.1016/j.nanoen.2022.107833
10.1002/adma.202307918
10.1002/adma.202307918
10.1002/adma.202307918
https://doi.org/10.1002/aenm.202203812
https://doi.org/10.1002/aenm.202203812
https://doi.org/10.1002/aenm.202203812
https://doi.org/10.1002/aenm.202203812
https://doi.org/10.1002/aenm.202203812
https://doi.org/10.1002/aenm.202203812
https://doi.org/10.1016/j.nanoen.2022.108128
https://doi.org/10.1016/j.nanoen.2022.108128
https://doi.org/10.1016/j.nanoen.2022.108128
https://doi.org/10.1016/j.nanoen.2022.108128
https://doi.org/10.1016/j.nanoen.2022.108128
https://doi.org/10.1016/j.nanoen.2022.108128
https://doi.org/10.1016/j.nanoen.2022.108128
https://doi.org/10.1016/j.nanoen.2020.105670
https://doi.org/10.1016/j.nanoen.2020.105670
https://doi.org/10.1016/j.nanoen.2020.105670
https://doi.org/10.1016/j.nanoen.2020.105670
https://doi.org/10.1016/j.nanoen.2020.105670
https://doi.org/10.1016/j.nanoen.2020.105670
https://doi.org/10.1016/j.nanoen.2020.105670
https://doi.org/10.1016/j.nanoen.2020.105670
https://doi.org/10.1016/j.nanoen.2023.108651
https://doi.org/10.1016/j.nanoen.2023.108651
https://doi.org/10.1016/j.nanoen.2023.108651
https://doi.org/10.1016/j.nanoen.2023.108651
https://doi.org/10.1016/j.nanoen.2023.108651
https://doi.org/10.1016/j.nanoen.2023.108651
https://doi.org/10.1016/j.nanoen.2023.108651
https://doi.org/10.1016/j.nanoen.2022.107289
https://doi.org/10.1016/j.nanoen.2022.107289
https://doi.org/10.1016/j.nanoen.2022.107289
https://doi.org/10.1016/j.nanoen.2022.107289
https://doi.org/10.1016/j.nanoen.2022.107289
https://doi.org/10.1016/j.nanoen.2022.107289
https://doi.org/10.1016/j.nanoen.2022.107289
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1016/j.nanoen.2023.108629
https://doi.org/10.1016/j.nanoen.2023.108629
https://doi.org/10.1016/j.nanoen.2023.108629
https://doi.org/10.1016/j.nanoen.2023.108629
https://doi.org/10.1016/j.nanoen.2023.108629
https://doi.org/10.1016/j.nanoen.2023.108629
https://doi.org/10.1016/j.nanoen.2023.108629
https://doi.org/10.1002/adma.202200042
https://doi.org/10.1002/adma.202200042
https://doi.org/10.1002/adma.202200042
https://doi.org/10.1002/adma.202200042
https://doi.org/10.1002/adma.202200042
https://doi.org/10.1002/adma.202200042
https://doi.org/10.1002/adma.202200042
https://doi.org/10.1021/acsnano.2c05531
https://doi.org/10.1021/acsnano.2c05531
https://doi.org/10.1021/acsnano.2c05531
https://doi.org/10.1021/acsnano.2c05531
https://doi.org/10.1021/acsnano.2c05531
https://doi.org/10.1021/acsnano.2c05531
https://doi.org/10.1021/acsnano.2c05531
10.1016/j.ensm.2021.07.014
10.1016/j.ensm.2021.07.014
10.1016/j.ensm.2021.07.014
https://doi.org/10.1021/acsami.6b09265
https://doi.org/10.1021/acsami.6b09265
https://doi.org/10.1021/acsami.6b09265
https://doi.org/10.1021/acsami.6b09265
https://doi.org/10.1021/acsami.6b09265
https://doi.org/10.1021/acsami.6b09265
https://doi.org/10.1002/aenm.201803204
https://doi.org/10.1002/aenm.201803204
https://doi.org/10.1002/aenm.201803204
https://doi.org/10.1002/aenm.201803204
https://doi.org/10.1002/aenm.201803204
https://doi.org/10.1002/aenm.201803204
https://doi.org/10.1002/aenm.201803204
https://doi.org/10.1002/aenm.201803411
https://doi.org/10.1002/aenm.201803411
https://doi.org/10.1002/aenm.201803411
https://doi.org/10.1002/aenm.201803411
https://doi.org/10.1002/aenm.201803411
https://doi.org/10.1002/aenm.201803411
https://doi.org/10.1002/aenm.201803411
https://doi.org/10.1002/aenm.201803411
https://doi.org/10.1016/j.nanoen.2020.105439
https://doi.org/10.1016/j.nanoen.2020.105439
https://doi.org/10.1016/j.nanoen.2020.105439
https://doi.org/10.1016/j.nanoen.2020.105439
https://doi.org/10.1016/j.nanoen.2020.105439
https://doi.org/10.1016/j.nanoen.2020.105439
https://doi.org/10.1016/j.nanoen.2020.105439
https://doi.org/10.1103/PhysRevA.40.5844
https://doi.org/10.1103/PhysRevA.40.5844
https://doi.org/10.1103/PhysRevA.40.5844
https://doi.org/10.1103/PhysRevA.40.5844
https://doi.org/10.1103/PhysRevA.40.5844
https://doi.org/10.1103/PhysRevA.40.5844
https://doi.org/10.1103/PhysRevA.40.5844
https://doi.org/10.34133/2022/9862980
https://doi.org/10.34133/2022/9862980
https://doi.org/10.34133/2022/9862980
https://doi.org/10.34133/2022/9862980
https://doi.org/10.34133/2022/9862980
https://doi.org/10.34133/2022/9862980
https://doi.org/10.1021/acsnano.6b02076
https://doi.org/10.1021/acsnano.6b02076
https://doi.org/10.1021/acsnano.6b02076
https://doi.org/10.1021/acsnano.6b02076
https://doi.org/10.1021/acsnano.6b02076
https://doi.org/10.1021/acsnano.6b02076
https://doi.org/10.1021/acsnano.6b02076
https://doi.org/10.1016/j.nanoen.2017.06.017
https://doi.org/10.1016/j.nanoen.2017.06.017
https://doi.org/10.1016/j.nanoen.2017.06.017
https://doi.org/10.1016/j.nanoen.2017.06.017
https://doi.org/10.1016/j.nanoen.2017.06.017
https://doi.org/10.1016/j.nanoen.2017.06.017
https://doi.org/10.1016/j.nanoen.2017.06.017
https://doi.org/10.1016/j.nanoen.2018.09.039
https://doi.org/10.1016/j.nanoen.2018.09.039
https://doi.org/10.1016/j.nanoen.2018.09.039
https://doi.org/10.1016/j.nanoen.2018.09.039
https://doi.org/10.1016/j.nanoen.2018.09.039
https://doi.org/10.1016/j.nanoen.2018.09.039
https://doi.org/10.1016/j.nanoen.2018.05.024
https://doi.org/10.1016/j.nanoen.2018.05.024
https://doi.org/10.1016/j.nanoen.2018.05.024
https://doi.org/10.1016/j.nanoen.2018.05.024
https://doi.org/10.1016/j.nanoen.2018.05.024
https://doi.org/10.1016/j.nanoen.2018.05.024
https://doi.org/10.1016/j.nanoen.2018.05.024
https://doi.org/10.1016/j.nanoen.2022.107462
https://doi.org/10.1016/j.nanoen.2022.107462
https://doi.org/10.1016/j.nanoen.2022.107462
https://doi.org/10.1016/j.nanoen.2022.107462
https://doi.org/10.1016/j.nanoen.2022.107462
https://doi.org/10.1016/j.nanoen.2022.107462
https://doi.org/10.1016/j.nanoen.2020.105011
https://doi.org/10.1016/j.nanoen.2020.105011
https://doi.org/10.1016/j.nanoen.2020.105011
https://doi.org/10.1016/j.nanoen.2020.105011
https://doi.org/10.1016/j.nanoen.2020.105011
https://doi.org/10.1016/j.nanoen.2020.105011
https://doi.org/10.1021/acsami.0c18243
https://doi.org/10.1021/acsami.0c18243
https://doi.org/10.1021/acsami.0c18243
https://doi.org/10.1021/acsami.0c18243
https://doi.org/10.1021/acsami.0c18243
https://doi.org/10.1021/acsami.0c18243
https://doi.org/10.1016/j.cej.2022.139469
https://doi.org/10.1016/j.cej.2022.139469
https://doi.org/10.1016/j.cej.2022.139469
https://doi.org/10.1016/j.cej.2022.139469
https://doi.org/10.1016/j.cej.2022.139469
https://doi.org/10.1016/j.cej.2022.139469
https://doi.org/10.1016/j.cej.2022.139469
https://doi.org/10.1002/advs.202102221
https://doi.org/10.1002/advs.202102221
https://doi.org/10.1002/advs.202102221
https://doi.org/10.1002/advs.202102221
https://doi.org/10.1002/advs.202102221
https://doi.org/10.1002/advs.202102221
https://doi.org/10.1002/advs.202102221
https://doi.org/10.1016/j.nanoen.2023.109087
https://doi.org/10.1016/j.nanoen.2023.109087
https://doi.org/10.1016/j.nanoen.2023.109087
https://doi.org/10.1016/j.nanoen.2023.109087
https://doi.org/10.1016/j.nanoen.2023.109087
https://doi.org/10.1016/j.nanoen.2023.109087
https://doi.org/10.1016/j.nanoen.2023.109087
https://doi.org/10.1021/acsnano.0c01865
https://doi.org/10.1021/acsnano.0c01865
https://doi.org/10.1021/acsnano.0c01865
https://doi.org/10.1021/acsnano.0c01865
https://doi.org/10.1021/acsnano.0c01865
https://doi.org/10.1021/acsnano.0c01865
https://doi.org/10.1021/acsnano.0c01865
https://doi.org/10.1002/adfm.201606292
https://doi.org/10.1002/adfm.201606292
https://doi.org/10.1002/adfm.201606292
https://doi.org/10.1002/adfm.201606292
https://doi.org/10.1002/adfm.201606292
https://doi.org/10.1002/adfm.201606292
https://doi.org/10.1002/adfm.201906112
https://doi.org/10.1002/adfm.201906112
https://doi.org/10.1002/adfm.201906112
https://doi.org/10.1002/adfm.201906112
https://doi.org/10.1002/adfm.201906112
https://doi.org/10.1002/adfm.201906112
https://doi.org/10.1002/adfm.201906112
https://doi.org/10.1039/C7TA01522D
https://doi.org/10.1039/C7TA01522D
https://doi.org/10.1039/C7TA01522D
https://doi.org/10.1039/C7TA01522D
https://doi.org/10.1039/C7TA01522D
https://doi.org/10.1039/C7TA01522D
https://doi.org/10.1039/C7TA01522D
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No.7 (2024) 070702

SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas
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Abstract

Triboelectric nanogenerator (TENG), as a micro-nano power source or self-powered sensor, has shown great
prospects in various industries in recent years. The TENG output performance is closely related to the contact
electrification characteristics of the triboelectric dielectric material. Herein, we first introduce the relevant
fundamental theory and models of TENG and tribo-dielectrics. Then, we introduce the material selection,
modification method (including surface modification and bulk modification) and structural design strategy of
TENG dielectric material. Surface and bulk modification mainly involve surface roughness control, surface
functional group regulation, and optimization of dielectric parameters. In terms of dielectric structural design,
the principle of charge transport, trapping, and blocking layers as well as typical techniques to improve the
dielectric properties of TENGs through multi-layer structures are highlighted. Finally, challenges and directions
for future research are discussed, which is conducive to the fabricating of high-performance TENG dielectric

materials.
Keywords: triboelectric nanogenerator, dielectric material, micro-nano composite materials, charge control
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